The first phase of the heavy ion physics program at the LHC aims to provide lead-lead collisions at energies of 5.5 TeV per colliding nucleon pair and ion-ion luminosity of 10 27 cm -2 s -1 . The transformation of CERN's ion injector complex (Linac3-LEIR-PS-SPS) presents a number of beam physics and engineering challenges, which are described in this paper. In the LHC itself, there are fundamental performance limitations due to various beam loss mechanisms. To study these without risk of damage there will be an initial period of operation with a reduced number of nominal intensity bunches. While reducing the work required to commission the LHC with ions in 2008, this will still enable early physics discoveries.
OVERVIEW
The accelerator chain for LHC ion operation [1] and major hardware upgrades needed are sketched in Fig. 1 In the nominal scheme, the injector chain provides the LHC with 592 bunches of 9×10 7 Pb 82+ ions per ring. The beam sizes and bunch length at SPS extraction and at collision in the LHC are the same as for protons, resulting in a lead-lead luminosity of 10 27 cm -2 s -1 . The nominal lead beam may be subject to limitations in the injectors and in the LHC [2] . As these effects are not easy to predict accurately, it is prudent to start with a beam whose characteristics allow the limitations to be explored with reduced risk. The "early ion scheme" (Table 1) 
LINAC3 UPGRADE
A new electron cyclotron resonance (ECR) source, designed and built at CEA/Grenoble [3] , operating in "afterglow mode" at 14.5 GHz, will deliver the required current of 200 eµA Pb 27+ . Compared to the older source (ECR4), it has increased transverse confinement by a stronger permanent hexapole; a strong longitudinal field (up to 1.4 T); a larger plasma chamber; RF couplers for both 14.5 and 18 GHz microwaves and the possibility to install two micro-ovens. It performed well in first tests: ~500 eµA of O 6+ and ~40 eµA of Ar 12 . Pulsed power converters for magnets to LEIR are being upgraded for the operation at 5 Hz. A dedicated ramping cavity, installed directly downstream of the Linac3 stripper, varies the beam momentum by ±0.4% along the pulse by a linear modulation of the cavity phase by ±40 o . The cavity is a 100 MHz 4-gap spiral-loaded RF resonator, capable of delivering a 250 kV RF voltage to the beam. The debunching cavity placed 11 m downstream has to be phase-modulated in the same range to compensate for the change in ion time of flight and to minimise momentum spread. The ramping system has been successfully tested with beam in static mode; dynamic tests will be done during the start-up.
UPGRADE OF LEAR TO LEIR

LEIR Cycle
The role of LEIR is to transform a series of long (~200 µs), low-intensity ion pulses from Linac3 into short (~200 ns), high-brightness bunches. Each Pb 54+ linac pulse is injected with 70 % efficiency in horizontal, vertical and longitudinal phase space using and inclined electrostatic septum and by energy ramping. On a 4.2 MeV/n plateau in LEIR, the electron cooler strongly reduces the phase space volume of the beam in less than 400 ms and decelerates it into a stack sitting slightly inside the central orbit. For the early beam only one Pb 54+ linac pulse is injected (4 for the nominal), cooled, adiabatically captured on h=1 and accelerated to 72 MeV/n. For the early beam the LEIR cycle is shortened to 2.4 s.
Transfer Lines
The 4.2 MeV/n beam from Linac3 and the 72 MeV/n one extracted towards the PS share ~60 m of common transfer line in which they travel in opposite directions. Thus, all magnets must be laminated. Power converters of most bending magnets are bipolar; those for quadrupoles are monopolar due to appropriate optics.
Layout and Lattice
LEIR is the same shape as LEAR [4] but its optics is new and flexible enough to optimize multi-turn injection and electron cooling. The injection system comprises a DC magnetic septum, a new inclined electrostatic septum, and four fast bumper magnets incorporating ceramic chambers and providing bump collapse times of 120-500 µs for multi-turn injection. All correction dipoles and multipoles are recovered from LEAR. To extract the beam at 4.8 Tm, the former LEAR injection kicker modules are powered by new pulse generators and a new pulsed septum provides 0.8 T through a thin-walled stainless steel vacuum chamber. All elements have to withstand bake-out at 300°C.
Electron Cooling
The electron cooler was constructed in collaboration with BINP, Russia. After successful tests in Novosibirsk, it was delivered to CERN at the end of 2004. The state-ofthe-art design [5] incorporates many of the latest ideas in electron cooling technology such as a convex cathode for the generation of intense (>500 mA) electron beams at low energy and the possibility to vary the dimension and density distribution of the electron beam. The latter is needed to rapidly cool the newly injected ions without excessive recombination with the cooled ion stack.
Following detailed measurement of the magnetic field, the cooler is now being prepared for installation. First tests with an electron beam will start at the beginning of June and cooling tests with an ion beam in September.
Vacuum
Heavy-ion induced molecular desorption, currently observed in several particle accelerators world-wide, will be critical for the operation of the LEIR vacuum system in the 10 -12 Torr range. Electron-capture from the residual gas will cause lost Pb 53+ ions to hit the vacuum chambers and desorb molecules. Large desorption yields of ∼10 4 molecules/Pb 53+ ion were measured for bare 316LN stainless steel chambers [6] . Following investigations at Linac3 [7] , methods to reduce large pressure rises were implemented in LEIR [1] : non-evaporable getter coating (TiZrV) of most vacuum chambers to obtain very clean surfaces after in situ bakeout (300°C) and low dynamic gas loads under lead ion bombardment, installation of gold-coated collimators to control ion losses [8] and beam scrubbing to improve the dynamic pressure by continuous ion bombardment.
RF and feedback systems
Two new large-bandwidth (0.35-5 MHz without any tuning) cavities based on Finemet® high-permeability magnetic alloy have been built in collaboration with KEK Acceleration at LEIR's moderate ramp rate requires an RF voltage of less than 4 kV, keeping the amplifier power to a reasonable 60 kW. The available frequency range covers lead ions at harmonic h=2 or h=1 and keeps open the option of lighter ions at a later date. The cavities are installed and being commissioned [9] .
LEIR is the first CERN accelerator to be equipped with an all-digital beam control and cavity servoing system for the low-level RF. A prototype has been tested successfully in the PS Booster [10] . Following the LEIR commissioning, a plan will be finalized to migrate to the same technology PS, PSB and AD.
Other systems
Most of the 164 power converters in LEIR and its transport lines are being rebuilt or recuperated. They are based on thyristor or switch-mode technologies; there are also pulsed power converters as well as HV supplies for RF and electron cooling. Commissioning of some power converters has started.
Beam diagnostic devices are mostly recovered from LEAR but have to be adapted to ions as well as to new standards for electronics and control. Of particular importance are the DC current transformer (2 µA to 50 mA), the Schottky pick-ups (to measure the emittance and energy spread of coasting beam) and beam ionization profile monitors (to observe beam dimensions during cooling). Some devices have been installed, and others, like the transformer, are being manufactured.
LEIR is the first circular machine that will make use of the unified control infrastructure developed for LHC and ultimately for all the CERN accelerators. This system is capable of so-called "multicycling", which will allow the ion complex to be tested on a cycle-to-cycle basis in parallel with beam production for physics. The development of the LEIR specific application programs running on top of the standard infrastructure has started.
PS TO SPS
The beam is injected into the PS from LEIR by two pulsed bumper magnets, an upgraded kicker magnet and a new pulsed septum. The two bunches fill 1/8 of the PS, which in turn has to provide 4 bunches to the SPS. This is achieved by a rather elaborate procedure [1] involving harmonic changes and bunch splitting and making use of the RF systems (3-10, 80 MHz) that produce the LHC proton beam. After extraction from the PS, the Pb 54+ beam is fully stripped to Pb 82+ by a 0.8 mm aluminum foil. In order to reduce the emittance blow-up [11] caused by Coulomb scattering to values compatible with the tight emittance budget (Table 1) , the stripper foil must be at low β. Four new quadrupoles and six new power converters are needed to reduce β by a factor 5 in the PS-SPS line. For the proton beams which also pass through this line, the new quadrupoles should ideally be set to zero gradients and their residual field blows up the proton emittance by less than 0.1 %.
In the early ion scheme, up to 4 PS batches, each one providing only one LHC bunch, are injected into the SPS on a 7.2 s injection plateau at 5.9 GeV/n. Analysis of the nominal acceleration cycle for LHC ions in the SPS has shown the possibility of using a 3 s instead of the 10 s acceleration cycle proposed in the past and justified for the lower injection energy. The new magnetic cycle with a gently rising initial part of the ramp should reduce the LHC filling time. At an intensity of 1.2×10
8 Pb
82+
ions/bunch, the space-charge tune shift and calculated intra-beam scattering growth times are acceptable.
LHC MAIN RINGS
Lead ion collisions will be provided to 3 LHC experiments. To minimise the time needed to switch the LHC main rings from their p-p collider mode, the magnetic cycle used for lead ions will be very similar, with the exception that it will be necessary to squeeze a third IP (ALICE) to , will therefore be present in full measure, although none are now expected to be insuperable. Only later, in the nominal scheme, will total current and luminosity be limited by beam losses that may potentially quench magnets [2, 12] . Continuous beam losses proportional to luminosity are caused by electromagnetic interactions in collisions; losses proportional to beam current by the inefficiency of the collimation system. Studies with the early beam will help to resolve the uncertainties concerning their severity.
TENTATIVE SCHEDULE
In order to meet the deadline for the lead collisions in the LHC, April 2008, the project has to meet the milestones as compiled in Table 2 . Progress is satisfactory for most of the system; the schedule is ambitious and optimistic concerning LEIR installation. Any delay here is incompatible with commissioning LEIR with beam in August 2005. In 2006, in order to help the PS start-up with the large diversity of beams after the long 18-months shutdown, LEIR will stop at the end of March and restart for the PS commissioning as from September. 
